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Introduction
A fundamental property of the human brain is lateralization of higher functions. The left hemisphere (LH) is dominant for language, mathematical, and logical reasoning; while the right hemisphere (RH) is specialized in shape recognition, spatial attention, and musical and artistic functions (Joseph 1988; Dehaene et al. 1999; Levy et al. 1999; Mesulam 1999; Toga and Thompson 2003; Craig 2005; Gazzaniga 2005; Bever and Chiarello 2009; Gier et al. 2010) . According to "the right hemisphere hypothesis," emotions are predominantly processed in the RH. The left side of the face is emotionally more expressive (Sackeim et al. 1978) . Similarly, the emotional intonation ( prosody) of words is more easily recognized if stimuli are presented to the left ear (Erhan et al. 1998) , and stimuli presented to the left visual field are perceived with greater emotion (Levine and Levy 1986 ) and elicit greater autonomic response (Spence et al. 1996) . Consistently, patients with frontal damage to the RH demonstrate deficits both in prosody (Ross and Mesulam 1979) and in the recognition of emotional facial expressions (Weddell 1994; Mandal et al. 1999) . The alternative, "valence hypothesis" postulates that emotions are lateralized depending on their valence. The RH is dominant for negative emotions and pain, whereas the LH predominantly processes positive emotions (Sackeim et al. 1982; Davidson 1992) . Patients who suffered trauma to the left frontal lobe are more frequently depressed (Sackeim et al. 1982; Morris et al. 1996) , while those with right frontal damage show inappropriate signs of cheerfulness and mania (Starkstein et al. 1989 ). The valence hypothesis is supported by behavioral, neuroimaging, and electrophysiological evidence (Lugo et al. 2002; Symonds et al. 2006; Carrasquillo and Gereau 2008; Ji and Neugebauer 2009 ). Yet, a number of studies did not support both the right hemisphere and valence hypotheses and, instead, proposed region-specific contralateral processing of positive and negative emotions (Demaree et al. 2005; Barber et al. 2012) . Importantly, dichotomous lateralization as a dimension of frontal brain organization is a function not only of emotional valence, but also approach/avoidance motivation (Davidson 2003; Harmon-Jones et al. 2010; Miller et al. 2013) . Specialization and activation of subregions of the frontal cortex with their ipsi-and contralateral connectivity to each other, with respect to emotional valence and approach/avoidance motivation, may be considerably differentiated (Miller et al. 2013 ). Thus, positive valence and approach motivation are apparently associated with different areas in the LH. Interestingly, the valence of emotions, or a learning event, may modulate the activation of the contralateral subregions (Young and Williams 2010; Enticott et al. 2012) .
A distributed network of cortical regions including the prefrontal (PFC), insular, and anterior cingulate (ACC) cortices is involved in the presentation and processing of emotional stimuli (Lane et al. 1998; Craig 2005; Corradi-Dell'Acqua et al. 2011; Fan et al. 2011; Ansell et al. 2012) . The ACC may function as a generator of physiological or behavioral responses and may be involved in the top-down modulation of limbic and endocrine systems to regulate positive and negative emotions (Phan et al. 2002; Murphy et al. 2003; Vytal and Hamann 2010) . The ACC is a part of neural cortical network processing emotional-affective aspects of pain (Casey et al. 1997; Kulkarni et al. 2005; Wiech et al. 2006) . The left ACC may predominantly process positive emotions or happiness (Dolan et al. 1996; Phillips et al. 1998) , whereas the right ACC negative emotions and pain (Hsieh et al. 1995 (Hsieh et al. , 1996 Brooks et al. 2002; Symonds et al. 2006; Brügger et al. 2011; Kim et al. 2012 ) that is consistent with the emotional lateralization model (Craig 2005) .
The endogenous opioid system (EOS) is a critical neurotransmitter system regulating the presentation and processing of emotions and pain. This system includes 3 opioid receptors, μ-(MOR), δ-(DOR), and κ-(KOR) types, that are preferentially activated by β-endorphin, enkephalins, and dynorphins, respectively. The endogenous opioid peptides derive from proopiomelanocortin (POMC), proenkephalin (PENK), and prodynorphin (PDYN). Endorphins and enkephalins are positive reinforcers and their interactions with MOR and DOR modulate positive emotional states (Bals-Kubik et al. 1993; Filliol et al. 2000; Leknes and Tracey 2008) . Activation of MOR and DOR can be counterbalanced by the stimulation of KOR by dynorphins, which can induce a dysphoric state. KOR agonists produce aversive effects in animals and dysphoria in humans, and dynorphin upregulation may lead to anhedonia and depression (Narita et al. 2006; Land et al. 2008; Schwarzer 2009; Shippenberg 2009; Knoll and Carlezon 2010) . KOR blockade attenuates the development of depressive-like behaviors; and the activation of the PDYN/KOR system is critical for the escalated intake of addictive substances including alcohol in dependent animals (Ebner et al. 2010; Chartoff et al. 2012; Sirohi et al. 2012; Kissler et al. 2013) . Furthermore, the OPRK1 (KOR) and PDYN genes are associated with both mood disorders (Deo et al. 2013 ) and increased propensity to drink alcohol in negative emotional states (Karpyak et al. 2012) . Opioid receptors are densely distributed in brain regions, including the ACC and PFC, that have a central role in the integration of emotionally salient stimuli and in processing the affective components of pain (Zubieta et al. 2001 (Zubieta et al. , 2003 . Alterations in MOR in the ACC and other cortical regions may contribute to affective disorders, including major depression and borderline personality disorders (Kennedy et al. 2006; Walter et al. 2009; Prossin et al. 2010; Pizzagalli 2011) .
Lateralization of positive and negative emotions and pain suggests that the neurotransmitter systems regulating these functions may be asymmetrically distributed between the LH and RH. By virtue of their ability to selectively mediate euphoria and dysphoria, as well as pleasure and pain, the EOS is an ideal candidate for neurochemical system to subserve these lateralized brain functions. The present study addressed this hypothesis by comparing the levels of 6 EOS genes and 4 opioid peptides in postmortem human specimens from symmetric areas of the LH and RH. Leu-enkephalin-Arg (LER) and Met-enkephalin-Arg-Phe (MEAP), the neuropeptide markers of PDYN and PENK, respectively, as well as dynorphin A (Dyn A) and dynorphin B (Dyn B) derived from PDYN, were analyzed. Dyn A and Dyn B function as KOR ligands; LER is potent DOR and MOR agonist, whereas MEAP may activate KOR and MOR (Iyengar et al. 1987; Kamei et al. 1994; Mansour et al. 1995; Benyhe et al. 1997) . The neurotransmitters dopamine (DA), serotonin (5-HT), noradrenaline (NA), glutamate (Glu), and aspartate (Asp), previously proposed to be lateralized in the human brain (Tucker and Williamson 1984; Fitzgerald 2012) , were analyzed for comparison. We focused on the ACC, and specifically the pregenual area ( pgACC) within the ACC, for multiple reasons. (1) The pgACC is involved in the processing and expression of positive (Vogt 2005; Lindgren et al. 2012) and negative (Etkin et al. 2011; Amemori and Graybiel 2012) emotions. (2) The pgACC is the site where negative affect is associated with opioid receptor occupancy (Zubieta et al. 2003) . (3) The pgACC mediates the analgesic and placebo effects of opioids (Petrovic et al. 2002; Eippert et al. 2009 ). (4) Opioid receptors are expressed at high levels in the pgACC (Vogt 2005) . (5) The processing of emotions and pain signals may be lateralized in the pgACC (Hsieh et al. 1996; Brügger et al. 2011) . For example, the right pgACC was found to have a role in self-conscious emotional reactivity. Neurodegeneration in this region may underlie the emotional decline seen in patients with frontotemporal dementia (Sturm et al. 2012) , and abnormalities in the pgACC are present in patients with borderline personality disorder (Tebartz van Elst et al. 2003; Goodman et al. 2011) . In addition, endogenous opioid functions were selectively dysregulated in the right pgACC in individuals with borderline personality disorders (Prossin et al. 2010) . Furthermore, neurometabolic abnormalities associated with autism spectrum disorders were lateralized to the right pgACC (Oner et al. 2007; Bejjani et al. 2012) . Prompted by our preliminary evidence that opioid peptides displayed lateralization in the pgACC, we additionally assessed their levels in other brain regions involved in the processing of emotions and pain, including the left and right dorsolateral PFC (dl-PFC; Padberg et al. 2001; Killgore et al. 2007) , and the caudate and putamen (Bartels and Zeki 2000; Starkman et al. 2007 ) for comparison.
Materials and Methods

Subjects
Brain tissues were collected from 32 deceased subjects with no evidence of neuropathology and no known history of neuropsychiatric disease (Supplementary Table 1A, B) by KI Donatum at Forensic Medicine, Department of Oncology and Pathology, Karolinska Institutet, Stockholm, Sweden, by qualified pathologists under the full ethical clearance from the Stockholm Ethical Review Board. Donation was performed after an informed consent by the next of kin or by a registration as a donor by the deceased. Samples were taken from symmetric areas of the left and right pgACC that comprises of Brodmann areas 24a-c and 32 (Bush et al. 2000; Vogt 2009; Shackman et al. 2011) , dl-PFC, caudate, and putamen. The discovery sample (Sample 1) was comprised of 20 subjects in which the warm and cold periods of the postmortem interval (PMI) did not exceed 12 and 48 h, respectively, and in which the tissue characteristics were in range acceptable for molecular analyses [Supplementary (Kingsbury et al. 1995; Fleige et al. 2006 ). The replication sample (Sample 2) consisted of 12 subjects in which the longest warm, cold, and total PMI exceeded those for Sample 1 by 1.8-, 1.3-, and 1.4-fold, respectively, and had an RQI of <5.0 in 5 subjects (Supplementary Table 1B) . cross-reactivity with Dyn A (9-17) and <0.1% molar cross-reactivity with Dyn B, Dyn A (1-8), α-neoendorphin, Leu-enkephalin, and big dynorphin. Anti-Dyn B antiserum showed 100% molar cross-reactivity with big dynorphin, 0.8% molar cross-reactivity with Leu-morphine (29 amino acid C-terminally extended Dyn B), and <0.1% molar crossreactivity with Dyn A (1-17), Dyn A (1-8), α-neoendorphin, and Leu-enkephalin. Cross-reactivity of LER antiserum with Dyn A, Dyn B, and Leu-and Met-enkephalin was <0.1% molar, α-neoendorphin 0.5% molar, Dyn A (1-8) 0.7% molar, MEAP 1% molar, and Met-enkephalinArg 10% molar. Cross-reactivity of MEAP antiserum with Met-enkephalin, Met-enkephalin-Arg, Met-enkephalin-Arg-Gly-Leu, Leu-enkephalin, and LER was < 0.1% molar (Nylander et al. 1997) .
Dyn A, Dyn B, and LER RIA readily detected these peptides in the striatum, hippocampus, and frontal cerebral cortex of wild-type mice (Nguyen et al. 2005 ) and rats (Christensson-Nylander et al. 1985) , but not in Pdyn knockout mice (for details, see, Merg et al. 2006 ). This indicated that the assay was highly specific and not sensitive to the presence of contaminants in brain tissues. Protein concentrations were estimated by DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA). The peptide content was calculated with the GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA) and presented in fmol/ mg protein.
HPLC Determination of Monoamines and Acidic Metabolites
Chemicals
The chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA), with the exception of methanol and tetrahydrofuran which were obtained from Merck (Darmstadt, Germany).
Tissue Preparation
The brain tissue samples (20-30 mg) were mixed at a ratio of 1:10 (w/v) with 0.2 M perchloric acid including 100 µM EDTA-2Na and homogenized at 0°C in a glass-pestle microhomogenizer. Following standing for 30 min on ice, the homogenates were centrifuged at 12 000 × g and 4°C for 15 min. The supernatants were carefully aspirated and mixed with 1 M Na-acetate buffer, pH 3.0 at a ratio 5:1 (v/v), and filtered through a 0.22-µm centrifugal filter (Merck Millipore, Darmstadt, Germany) at 12 000 × g and 4°C for 4 min. The filtrates were stored at −80°C before high performance liquid chromatography (HPLC) analysis.
HPLC Analysis
The concentrations of NA, DA, and 5-HT were determined by HPLC with electrochemical detection (Kehr and Yoshitake 2006) . The HPLC system included a HTEC500 chromatograph (Eicom, Kyoto, Japan) and a CMA/200 Refrigerated Microsampler (CMA Microdialysis, Stockholm, Sweden) equipped with a 20-µL loop and operating at +4°C. The potential of the glassy carbon working electrode was +450 mV versus the Ag/AgCl reference electrode. The separation was achieved on a 200 × 2.0-mm (i.d.) Eicompak CAX column (Eicom). The mobile phase consisted of a mixture of methanol and 0.1 M phosphate buffer ( pH 6.0, 30:70, v/v) containing 40 mM potassium chloride and 0.13 mM EDTA-2Na. The chromatograms were recorded and integrated using Clarity (DataApex, Prague, The Czech Republic), a computerized data acquisition system. Asp and Glu concentrations were determined by gradient elution reversed-phase column liquid chromatography with fluorescence detection, following precolumn derivatization with ortho-phthaldialdehyde/mercaptoethanol (OPA/MCE) reagent, as described elsewhere (Kehr 1998) . Briefly, the HPLC system included a gradient pump Spectra Physics SP8800 (Spectra Physics, USA), a CMA/ 260 degasser (CMA Microdialysis), a CMA/280 Fluorescence detector (CMA Microdialysis) operating at excitation and emission wavelengths of 350 and 495 nm, respectively. Typically, 10-µL samples were mixed with 10 µL of the OPA/MCE reagent by use of a CMA/200 Refrigerated Microsampler (CMA Microdialysis) equipped with a 20 μL loop and operating at +6°C. After 60 s, 10 µL of the reaction product was injected onto a HPLC column (60 × 4 mm i.d., Nucleosil 100 C18, 5 μm; Knauer GmbH, Berlin, Germany). The mobile phase A consisted of a 0.03 M sodium acetate buffer (pH 6.95) containing 2.5% (v/v) of methanol and 2% (v/v) of tetrahydrofuran pumped at a flow rate of 1 mL/min. The amino acids were eluted by the use of a linear gradient of methanol used as a mobile phase B and from 0% to 60% at 4 to 28 min. The chromatograms were recorded and integrated by using EZ Chrom (Scientific Software, Inc., CA, USA).
Gene Expression Analysis by qRT-PCR
Total RNA was purified with a RNeasy Lipid Tissue Mini kit (QIAGEN, Maryland, USA) using TRIzol Reagent (QIAGEN) and treated with RNase-free DNase I on-column. An RQI was measured using a Bio-Rad Experion system (Bio-Rad Laboratories) and a Eukaryote Total RNA StdSens assay according to the manufacturer's protocol. RNA samples with the RQI values of >5.0 are generally considered suitable for quantitative real-time polymerase chain reaction (qRT-PCR) (Fleige et al. 2006) . The average value of RQI in Sample 1 was 6.70 ± 0.55 (mean ± SD), demonstrating the high quality of the isolated RNA. Reverse transcription of total RNA was performed with a cDNA iScript kit (Bio-Rad Laboratories) using a CFX96™ Real-Time Detection System (Bio-Rad Laboratories) according to the manufacturer's protocol.
qRT-PCR was performed on a CFX96™ Real-Time Detection System (Bio-Rad Laboratories). For SYBR Green-based assays, the reaction mixture consisted of cDNA, 5 × HOT FIREPol ® EvaGreen ® qPCR Mix Plus (Solis BioDyne, Tartu, Estonia) and forward and reverse primers (Supplementary Table 2 ). Samples were analyzed in triplicate. The following conditions were applied for the 3-step qRT-PCR reactions; 95°C for 15 min followed by 40 cycles of amplification at 95°C for 15 s, annealing temperature for 61.6°C for 20 s, and elongation at 70°C for 20 s. Melting curves were analyzed to ensure primer specificity and the lack of primer dimers. To ensure correct amplification, PCR products were separated on agarose gel and sequenced in both directions. Proprotein convertase subtilisin/kexin type 6 (PCSK6) mRNA was quantified using the TaqMan assay. The reaction mixture contained cDNA, 2 × iTaq Universal Probe Supermix (Bio-Rad Laboratories) and TaqMan ® probe (Applied Biosystems Europe BV, The Netherland, Assay ID Hs00159844_m1). The following conditions were applied for the 2-step qRT-PCR reactions: 95°C for 30 s followed by 40 cycles of amplification at 95°C for 5 s and 60°C for 30 s. The carboxyfluorescein fluorescence of individual samples was measured at the end of every cycle. Samples were analyzed in triplicate. Expression levels were normalized to TATA-box binding protein (TBP), beta-actin (ACTB), and glyceraldehyde-3-phophate dehydrogenase (GAPD) genes in both assays. Data analysis was performed using Bio-Rad CFX Manager (Bio-Rad Laboratories). Fluorescent product was not observed in samples lacking template cDNA (no template control) or in negative controls prepared by the omission of reverse transcriptase.
Statistical Analysis
The assumption of conducting analyses of variance (ANOVAs) was met for all data that have (1) normal distributions according to the Kolmogorov-Smirnov test, and (2) equal error variance of the dependent variables across sexes (homogeneity of error variances tested by the Levene's test). Lateralization was examined by (1) comparing the levels of analyzed substances for the LH and RH, respectively; and (2) analyzing the asymmetry index (AI) for each substance. An AI was defined as the ratio of differences in the levels between the right (R) and left (L) hemispheres divided by the sum of the levels in 2 hemispheres, AI = [(R − L)/(R + L)], where −1.0 and +1.0 values correspond to the completely left or right lateralization, respectively, and 0.0 corresponds to a symmetric distribution. The AI analyses assumed the data were distributed normally and the variances were homogeneous. In addition to analyzing the AI, the log-odds ratio (log of the odds ratio, L/R) was also analyzed. The L/R is a common transformation when assumptions of normality and homogeneity are not fulfilled. The ratio converts proportions to odds followed by taking the log of the odds. The AI and the log-odds analyses resulted in the same or very similar significance levels. For simplicity, the paper presents significant differences in the AI that also demonstrated significant differences in their odds ratios. Analyses were conducted in 4 general steps. First, data were subjected to ANOVAs with sex as the between factor (2 levels: females and males). This included analyzing (1) the LH and RH (2-way ANOVA) and (2) the AI indices (multivariate analysis of variance, MANOVA) as dependent measures. Effects deemed significant were subsequently examined by analyses of covariance (ANCOVA) to control for potential confounds. Demographic parameters and tissue characteristics (age, brain pH, PMI, and RQI) were correlated with the dependent variables to identify potential covariates (COVs). Significant effects identified by ANOVA or MANOVA followed by ANCOVA are reported when appropriate. Secondly, all dependent variables were subjected to Spearman correlation analyses. (1) Each parameter was correlated between the 2 hemispheres. Thus, 15 correlations were examined in the pgACC, while 4 were assessed each for the dl-PFC, caudate, and putamen. (2) In the pgACC, all 105 pair-wise correlations between 15 parameters were compared between the LH and RH. Similarly, all 6 correlations between the 4 parameters were compared between the left and right parts for each other 3 areas. (3) Associations between Dyn B and LER identified as significant in the pgACC at the second step were compared across 4 brain regions for the LH and RH separately. (4) To determine whether opioid peptide levels were affected by tissue quality, correlations between these levels with tissue characteristics and PMI, and with respective mRNAs, were examined. PMIs (the warm and cold periods combined) were included as a COV in statistical analyses. Analyzing the warm and cold periods separately did not significantly affect the outcome. Differences between correlations were evaluated using the Fisher's z-transformation test. In ANOVAs and correlations, α levels of P < 0.05 and <0.01 were considered as significant, respectively. The P-value was adjusted to compensate for multiple comparisons using Bonferroni correction. Data are presented as the mean ± standard deviation (SD). Analyses conducted with the same set of subjects, but after removing outliers that were at the 2 SD or greater distance from the mean values, produced the same levels of significance.
Results
Postmortem tissue samples were collected from subjects with no evidence of neuropathology and no known history of neuropsychiatric disease (Sample 1; Supplementary Table 1A) . Analyses of lateralization were performed using the combined sample of females and males, as well as of each sex subgroup separately. Effect sizes for significant effects in males were calculated based on partial eta-squared, and the power to detect these effects was estimated for the male (0.838) and female (0.406) sample size separately. Evidently, the female sample afforded moderate power to detect effects characteristic of the male sample, whereas a failure to find an effect in the female sample may be due to power reduced by a factor 2, and must be viewed with caution. At the same time, only the large effect size may underlie several significant findings detected for the female sample. Analyses of the demographic characteristics for the combined sample of males (N = 14) and females (N = 6) (Supplementary Table 1A ) showed no significant differences in age [t (18) 
Analyses of Variances
The levels of µ-(OPRM1), δ-(OPRD1), and κ-(OPRK1) opioid receptors, and POMC, PENK, and PDYN opioid peptide precursor mRNAs; the PDYN-derived opioid peptides, Dyn A, Dyn B, LER, and PENK-derived MEAP; and the neurotransmitters DA, 5-HT, NA, Glu, and Asp, were analyzed in the left and right pgACC. Data are displayed as normalized levels in the left (LH) and right (RH) hemispheres in Figure 1 , and as the AI in Figure 2 . Analyses of expression levels across hemispheres using 2-way ANOVAs followed by ANCOVAs revealed significant main effects of hemisphere for MEAP and PDYN, significant sex differences in Glu, and a significant sex × hemisphere interaction for LER (Fig. 1) . The MEAP levels were significantly higher in the RH (the combined sample: ANCOVA: F 1,16 = 9.6, P < 0.01; when COVs included brain pH in the LH, ρ = −0.56, P < 0.01; and RQI, ρ = −0.58, P < 0.01). The significant hemisphere effect was evident in males (ANCOVA: F 1,11 = 7.4, P < 0.05), but not in females. Greater PDYN levels were identified in the RH in the combined sample (F 1,18 = 6.8, P < 0.05; no significant COVs) and females (F 1,5 = 19.2, P < 0.01). A significant effect of sex (the combined sample: F 1,18 = 8.7, P < 0.01) was observed in the Glu left-right distribution (no significant COVs). Females, but not males, showed a significant difference among hemispheres (F 1,5 = 7.5, , where L and R are levels in the LH and RH, respectively. Dashed lines at a 0.66 value mark 2-fold differences between the hemispheres. Significance levels in ANOVAs followed by ANCOVAs when appropriate: Lateralization effects, *P < 0.05, **P < 0.01; sex effects, ##P < 0.01; lateralization × sex interactions, §P < 0.05. Significance in the MANOVA followed by ANCOVAs when appropriate: Lateralization effect, *P < 0.05, **P < 0.01, ***P < 0.001; sex effects, #P < 0.05. P < 0.05), with Glu levels elevated in the RH. LER revealed a significant interaction effect (the combined sample: F 1,18 = 5.1, P < 0.05; no significant COVs) and was lateralized to the left in males (F 1,13 = 9.3, P < 0.01), but not in females.
Differences in PDYN and Glu levels between the LH and RH were minor; they did not exceed 1.2-fold in the combined sample. Differences in MEAP and LER were greater, 1.5-and 1.6-fold for all subjects, respectively, and 1.6-and 2.5-fold in the male group, respectively. The 2 enkephalins demonstrated different directions in the lateralization with LER displaying greater levels in the LH and MEAP in the RH.
Analysis of the AI for LER and MEAP by the MANOVA followed by ANCOVAs when appropriate revealed a significant main effect of the hemisphere. LER was left lateralized in the combined sample (F 1,18 = 4.6, P < 0.05; AI = −0.33; no significant COVs) and males (F 1,13 = 15.7, P < 0.01, the AI = −0.49). MEAP showed right lateralization [ANCOVA: F 1,17 = 9.1, P < 0.01, the AI = +0.24 when COVs included brain pH (ρ = 0.62, P < 0.001)] in the combined sample and males (F 1,12 = 7.5, P < 0.05; AI = +0.27). Much smaller (0.06-0.17 AI values) significant lateralization effects for Asp, Glu, POMC, and PDYN were found. Asp and Glu were lateralized to the RH when male and female subjects were considered together (F 1,18 = 4.9, P < 0.05, AI = +0.08; and F 1,18 = 6.1, P < 0.05, AI = +0.08, respectively; no significant COVs). Glu lateralization was more pronounced in females (F 1,5 = 8.9, P < 0.01, AI = +0.14) than in males who did not show significant differences. POMC and PDYN revealed significant differences among hemispheres (F 1,18 = 18.9, P < 0.001, right lateralized AI = +0.17; and F 1,18 = 11.6, P < 0.01, right lateralized AI = +0.10, respectively; no significant COVs) in the combined sample; within this group, POMC showed asymmetry in males (F 1,13 = 26.0, P < 0.001, right lateralized AI = +0.14). Further, PDYN displayed significant differences among males and females (F 1,18 = 5.1, P < 0.05, males: AI = +0.04, females: AI = +0.21); only females showed significant differences among LH and RH (F 1,5 = 11.7, P < 0.05, right lateralized AI = +0.21). A significant sex effect was also noted for PENK (F 1,18 = 5.7, P < 0.05, males: AI = +0.10, females: AI = −0.02; no significant COVs) with only males, displaying a significant PENK lateralization (F 1,13 = 12.1, P < 0.01, AI = +0.10).
Correlations of Individual Molecular Parameters Between the Hemispheres
Individual opioid mRNAs, NA, and 5-HT demonstrated strong and significant correlations between the LH and RH in the combined sample and males (Table 1 ). In females, the correlations were strong but did not reach significance except for those of OPRM1 and 5-HT. No significant correlations between opioid peptides, Glu, Asp, and DA were evident. Comparisons of the PDYN correlation between the LH and RH with such of Dyn A, Dyn B, and LER, respectively, as well as that of the PENK correlation between the LH and RH with such of MEAP (altogether 4 comparisons), revealed significant difference between the leftright PDYN and the left-right LER correlations (P < 0.0014; corrected for 4 comparisons P < 0.0057). Thus, LER biosynthesis and/or degradation had greater variations than the expression of the parent PDYN gene when comparing the left and right pgACC.
Comparison of Pair-Wise Intrahemispheric Correlations Between the LH and RH
The neurotransmitter systems analyzed may interact with each other within each hemisphere, which may be reflected in the intrahemispheric correlation between the components of these systems. Some interactions may be lateralized, and consequently, the respective correlations would be anticipated to differ between the LH and RH. To test this hypothesis, we compared all intrahemispheric Spearman correlations (altogether, 105 pair-wise comparisons of each of the 15 parameters were performed between the 2 hemispheres). The Dyn B and LER correlations were found to be significantly different between the 2 hemispheres (P < 0.000011; corrected for 105 comparisons P < 0.0012); this correlation was significant in the LH (ρ = 0.87, P < 0.001), but not in the RH (ρ = −0.17), in the combined sample (Table 2) . The difference was also significant for males (P < 0.0000068; corrected P < 0.00071), showing a significant positive correlation in the LH (ρ = 0.91, P < 0.001), but not in the RH (ρ = −0.36).
dl-PFC, Caudate, and Putamen
For the comparison with the pgACC, we next analyzed the distribution of 4 opioid peptides between the left and right dl-PFC, caudate, and putamen, respectively. The dl-PFC and the 2 areas of dorsal striatum are characterized by moderate and high PDYN and PENK expression levels (Healy and Meador-Woodruff 1994) .
Analyses of Variances
The levels of Dyn A, Dyn B, LER, and MEAP in each brain region studied within the LH and RH are displayed in Figure 3 , while the respective AIs are presented in Figure 4 . No significant effects were evident for the dl-PFC and the caudate. A significant hemisphere × sex interaction effect was noticed for LER in the putamen [the combined sample; ANCOVA: F 1,12 = 11.0, P < 0.01; covaried with brain pH in the LH and RH (ρ = −0.66, P < 0.01 and ρ = −0.71, P < 0.01, respectively)]; significant asymmetry was evident in the males (ANCOVA: F 1,7 = 6.7, P < 0.05). Dyn B displayed a strong and significant difference between the right and left putamen in the combined sample (F 1,13 = 8.0, P < 0.05; no significant COVs) and females (F 1,5 = 7.1, P < 0.05). Analysis of the AI revealed no significant effects in the dl-PFC and caudate, while the putamen showed a significant lateralization of Dyn B in the combined (F 1,13 = 26.75, P < 0.001, left lateralized AI = −0.41; no significant COVs), male (F 1,8 = 9.66, P < 0.05, left lateralized AI = −0.32), and female (F 1,5 = 15.94, P < 0.01, left lateralized AI = −0.55) groups (Fig. 4) .
Analyses of Correlations
No significant correlations in each of 4 neuropeptides between the left and right dl-PFC, caudate, and putamen, respectively (4 correlations for each area) were evident. In contrast to the pgACC, the Dyn B and LER correlations were significant in each of the left and right putamen and caudate, but not significant in the left and right dl-PFC (Table 2) . No significant differences in pair-wise intrahemispheric correlations of the 4 neuropeptides (6 correlations for each hemisphere) between the 2 hemispheres were found.
Comparison of the Dyn B and LER Correlation Between Brain Areas
The relationship between Dyn B and LER was compared across the pgACC, dl-PFC, caudate, and putamen for each hemisphere separately. Differences in the correlation were significant between (1) the left pgACC and left dl-PFC (P < 0.00012, corrected for 12 comparisons P < 0.0014); and (2) the left dl-PFC and left putamen (P < 0.0032, corrected P < 0.039; Table 2 ). Partial correlation analyses, to control for any confounding effects, indicated that most of the comparisons were significantly different from one another (Supplementary Table 3 ).
Validity of the Opioid Peptide Analysis
No significant correlations between peptide levels and tissue characteristics including brain pH, total PMI, and RQI were generally evident, indicating that these levels did not substantially change during postmortem period (Supplementary  Table 4 ). Furthermore, the high correlation between PDYN mRNA versus Dyn A and PDYN mRNA versus Dyn B levels (Table 3) suggested that interindividual variations between PDYN transcription and PDYN processing to dynorphins were small and, therefore, their analyses were not impaired by differential degradation of RNA and peptide molecules during the PMI.
Demographic Correlations
For the pgACC, age-dependent alterations in OPRM1 and PENK mRNA levels were noted; OPRM1 mRNA levels correlated positively with age in both the LH and RH (ρ = 0.77, 33 AI values mark 2-fold differences between hemispheres. Significance in MANOVAs followed by ANCOVAs when appropriate: Lateralization effects, *P < 0.05, **P < 0.01, ***P < 0.001. The combined sample of males and females was analyzed. ***P < 0.001. . Dashed lines at a 0.66 value mark 2-fold differences between hemispheres. Significance levels in ANOVAs followed by ANCOVAs when appropriate: Lateralization effects, *P < 0.05; lateralization × sex interactions, § §p < 0.01.
P < 0.001; and ρ = 0.59, P < 0.01, respectively), whereas PENK mRNA correlated negatively with age (LH: ρ = −0.74, P < 0.001; RH: ρ = −0.58, P < 0.01, respectively).
Proprotein Convertase in the pgACC
The only peptidase that is involved in the left-right asymmetry and cleaves neuropeptides at pairs of basic amino acid residues is the paired basic amino acid cleaving enzyme 4 or proprotein convertase PACE4 encoded by the PCSK6 gene (Beck et al. 2002; Seidah and Prat 2012) . To test whether this convertase is involved in Dyn B cleavage, we analyzed PCSK6 mRNA in the pgACC in the male sample that demonstrated greater left-right differences in the Dyn B versus LER correlation. The correlation between Dyn B and PCSK6 was negative, strong and significant in the right pgACC (ρ = −0.68; P = 0.008), but not in the left pgACC (ρ = −0.40), suggesting a role of PACE4 in Dyn B conversion in the RH. No asymmetry in PCSK6 mRNA distribution between the LH and RH and no PCSK6 and LER correlation were evident.
Replication Study
The availability of specimens from the LH and RH of the same subjects is a limitation for analyzing the lateralization of neurochemical systems in the human brain. Brain banks generally collect one hemisphere of each brain for molecular/biochemical studies and the other side for morphological/histochemical analyses. Because we were unable to find necessary specimens at the major human brain banks, we proceeded with the analyses of the pgACC specimens from 12 subjects, including 9 males and 3 females ( Supplementary Table 1B) , that were excluded from the primary analysis. These samples had warm or cold PMIs exceeded 12 or 48 h, respectively, or their RQI values were <5.0 (5 subjects). There was no significant difference in age [t (30) = 0.04, P = 0.96] and in the proportion of males and females (Fisher's exact test, P = 0.30) between the discovery and replication samples. The levels of Dyn B, LER, and MEAP were analyzed in the left and right pgACC ( Supplementary Fig. 1A,B) . The levels of LER were higher in the LH by 2.8-fold (2-way ANOVA: F 1,10 = 4.9, P = 0.05; no significant COVs), whereas the MEAP levels were 2.0-fold higher in the RH (2-way ANOVA: F 1,10 = 6.7, P < 0.05; no significant COVs). A significant lateralization of MEAP was evident in males (2-way ANOVA: F 1,8 = 13.8, P < 0.01; no significant COVs). Analysis of the AI for LER and MEAP by the MANOVA revealed a significant main effect of the hemisphere. LER was lateralized to the LH in the combined male and female sample (F 1,10 = 15.2, P < 0.01; AI = −0.56; no significant COVs), and in samples from males (F 1,8 = 14.2, P < 0.01, the AI = −0.54). MEAP showed a right lateralization in the combined sample (F 1,17 = 11.1, P < 0.01, the AI = +0.24; no significant COVs) and in males (F 1,8 = 19.0, P < 0.01; the AI = +0.27). Dyn B and LER levels showed significant correlation in the LH (ρ = 0.78; P < 0.01), but not in the RH (ρ = 0.18), while their difference was at the trend level (P = 0.07).
Discussion
The principal findings of the present study are that (1) the opioid peptides LER and MEAP are markedly lateralized to the left and right pgACC, respectively; and (2) Dyn B and LER strongly correlate in the left, but not in the right pgACC. No substantial lateralization >20% was evident in the levels of 6 EOS mRNAs and 5 neurotransmitters in the pgACC. No considerable asymmetry in the levels of 4 opioid peptides was detected in the dl-PFC and caudate, while Dyn B showed strong lateralization in the putamen.
A few studies compared the distribution of neurotransmitters and their receptors between the LH and RH in the human brain. Postmortem analyses revealed higher NA in the left compared with right thalamus (Oke et al. 1978 ), higher 5-HT receptor levels in the right frontal cortex (Arato et al. 1991) , and nondirectional asymmetry of DA in the basal ganglia (Glick et al. 1982) . Positron emission tomography studies demonstrate right-left differences in DA receptor expression levels in the striatum and in the frontal and temporal cortices that varied among individuals in both magnitude and direction (Tomer et al. 2008 (Tomer et al. , 2012 . 5-HT 1A receptors in the cortical region associated with language exhibit higher levels in the right frontal gyri and in the left auditory cortex (Fink et al. 2009 ). It has been proposed that the LH is organized around a DA activation system, which made it superior for complex motor programming (leading to a right manual preference) and speech, while the RH is structured around a NA arousal system (Tucker and Williamson 1984) . This view was challenged by the hypothesis that the preferential activation of the LH is mediated by NA and the RH is regulated by 5-HT (Fitzgerald 2012). Molecular analysis identified 27 genes that are differentially expressed in the left and right human embryonic hemispheres. This suggests that cortical asymmetry is preceded by early transcriptional asymmetries (Sun et al. 2005; Sun and Walsh 2006) . Other genome-wide studies found no interhemispheric asymmetry in gene expression in the developing neocortex during midgestation (Johnson et al. 2009 ) or in the adult human brain (Hawrylycz et al. 2012) . However, a fewer number of brains analyzed in these 3 studies (from 2 to 5) did not allow sound conclusions. In the present study, the number of subjects analyzed was sufficient to support the notion on the lateralization phenomenon at the population level.
The pgACC, cytoarchitecturally and physiologically distinct subregion of the ACC, is involved in the processing of negative and positive emotions and affective component of pain and has anatomical connections to other core-emotional processing regions as amygdala, PAG, and hypothalamus Beckmann et al. 2009 ). Imaging studies using the selective μ-opioid receptor agonist [
11 C]carfentanyl, or nonselective opioid antagonist naloxone, identified a critical role of the EOS in control of these processes in the pgACC (Kennedy et al. 2006; Wager et al. 2007; Eippert et al. 2009 ). Analysis of the mechanisms underlying the neurochemical basis of lateralized function in the pgACC is clinically important, because abnormalities in this area are associated with depression, schizophrenia, borderline personality, and anxiety disorders (Fahim et al. 2005; Walter et al. 2009; Prossin et al. 2010; Pizzagalli 2011) , and autism spectrum disorder including Asperger syndrome (Oner et al. 2007 ). Thus, an aberrant neuronal activation of the pgACC may contribute to anhedonia in major depression (Walter et al. 2009 ). Many functional and structural changes in psychiatric patients were identified specifically in the right pgACC. They include a correlation between reductions in gray matter volume and self-conscious emotional reactivity in patients with dementia (Sturm et al. 2012) ; reduced gray matter volume in patients with borderline personality disorders (Soloff et al. 2008) ; hyperglutamatergic metabolism in subjects with autism spectral disorder (Bejjani et al. 2012 ); a higher N-acetylaspartate: choline ratio in Asperger syndrome (Oner et al. 2007 ); and abnormal blood oxygen leveldependent responses in nonparanoid schizophrenia patients expressing fear (Williams et al. 2004) . Thus, the right pgACC may contribute to emotional dysregulation in psychiatric disorders with negative emotional states.
LER has high binding affinity for both δ-and µ-opioid receptors (Mansour et al. 1995) . Endogenous µ-and δ-agonists are involved in the regulation of positive emotional states and pleasure (Bals-Kubik et al. 1993; Filliol et al. 2000; Leknes and Tracey 2008; Jutkiewicz and Roques 2012) . We hypothesize that the preferential activation of δ-and µ-opioid receptors by LER in the left pgACC has a role in the lateralization of positive emotions to the LH (Dolan et al. 1996; Phillips et al. 1998) . In contrast to LER, MEAP is lateralized to the right pgACC. This peptide binds to both κ-and µ-opioid receptors, but only weakly to the δ-receptor (Iyengar et al. 1987; Kamei et al. 1994; Mansour et al. 1995; Benyhe et al. 1997) . The κ-system is critical for the modulation of negative emotional states and control of pain processing (Narita et al. 2006; Land et al. 2008; Schwarzer 2009; Shippenberg 2009; Knoll and Carlezon 2010 ) that both may be preferentially presented and processed in the RH and specifically in the right pgACC (Hsieh et al. 1995 (Hsieh et al. , 1996 Brooks et al. 2002; Symonds et al. 2006; Brügger et al. 2011; Kim et al. 2012) . The lateralization of MEAP, which may activate κ-opioid receptor, along with the differences between the LH and RH in the conversion of the κ-opioid receptor agonist Dyn B into δ-/µ-agonist LER may provide molecular basis for the lateralization of negative emotions and pain to the right pgACC in the human brain.
While cortical lateralization has been a focus of multiple papers, less is known about the lateralization of the striatum. DA levels were found to be higher in the left putamen and asymmetries in the nigrostriatal DArgic system were suggested to have a role in lateralized motor function (de la FuenteFernández et al. 2000; Barber et al. 2012) . Dynorphins inhibit DA release acting through the presynaptic κ-opioid receptor (Butelman et al. 2012) . Therefore, dynorphin elevation may lead to increase in DA levels in the left compared with the right putamen. Dyn B lateralization in this area along with the asymmetry of LER and MEAP in the pgACC supports the notion on brain region-specific EOS lateralization in the human brain.
Difference between the 2 hemispheres in the Dyn B and LER correlation that is significant in the LH suggests the complex regulation of the conversion of Dyn B into shorter enkephalins in the RH compared with the LH. The only known peptidase that is involved in the left-right asymmetry and cleaves neuropeptides at the pairs of basic amino acid residues is the proprotein convertase PACE4. PACE4 is encoded by the PCSK6 gene (Beck et al. 2002; Seidah and Prat 2012) . In a proportion of mouse embryos lacking the Pcsk6 gene, the Nodal, Lefty, and Pitx2 genes are expressed bilaterally in contrast to wild-type animals in which they are expressed asymmetrically. Some embryos consequently display laterality defects including situs ambiguous. The GWAS study identified singlenucleotide polymorphisms in PCSK6 that are associated with left handedness and dyslexia (Scerri et al. 2011) . This association may originate from the PACE4 activity in the left-right axis formation (Constam 2009 ) and brain development. Our analysis revealed a strong and significant negative correlation between Dyn B and PCSK6 in the right, but not in the left pgACC. Thus, PACE4 may be involved in conversion of Dyn B to enkephalins in the RH, where the variations in the expression or activity of this enzyme may contribute to high interindividual variability in Dyn B cleavage.
The present study has several limitations. Firstly, the replication sample was made of subjects characterized by a prolonged PMI (10 subjects), and/or a RQI of <5.0 (5 subjects). Yet, the results obtained with the discovery sample were replicated. Secondly, information on the lateralization of language, emotions and pain, and handedness for analyzed individuals was missing and, therefore, no functional associations could be analyzed. Because multiple neurobiological, genetic, and environmental mechanisms differentially control asymmetry for distinct brain systems (Liu et al. 2009; Ocklenburg et al. 2011) , the application of combined genetic, neuroimaging, and behavioral approach is required for understanding a physiological role of the lateralized opioid peptides that is a subject for future studies.
The presence of pharmaceutical drugs, alcohol, and opioid analgesic in the blood of 3 subjects, and a high number of suicide death (36% in the male sample), may be the factors influencing the EOS lateralization. The high number of male suicide death is not surprising, because the average age in male samples was 49 years. Suicide rates are much higher among middle-aged individuals (from 45 to 54 years old) compared with other ages, and also among males compared with females (report of the World Health Organization 2010). Exclusion of either 3 subjects with drugs/alcohol in the blood, or 6 subjects that committed suicide, did not affect the significance of the lateralization effects for the combined male and female samples (N = 14), and for the male sample (N = 9) in most of the cases. Thus, the EOS lateralization is robust and is not affected by suicide as a cause of death or the consumption of pharmaceutical drugs and alcohol.
The EOS complexity is high and as such has not been comprehensibly addressed in any single animal or human "casecontrol" study. A "complete profiling" of opioid receptors and peptides requires the analysis of multiple splicing variants, opioid peptides and receptor proteins and their modifications, and functional receptor characteristics. We limited our study to the EOS characteristics that may be reliably analyzed in postmortem human tissues such as mRNAs and peptide levels including 13 of 17 OPRM1 mRNA variants, 4 major PDYN splicing variants that generate opioid peptides, and PDYN and PENK neuropeptide levels. We did not focus on more functional characteristics such as activation of G-proteins that are more sensitive to the quality of postmortem human tissues and for which rigorous criteria for analysis in the postmortem human brain have not yet been established. We cannot rule out that some of the individual splicing variants that were or were not included in the analyses, as well as functional opioid receptor characteristics, may be lateralized in the ACC.
Postmortem analyses may be complicated due to RNA and peptide degradation during the PMI. The following steps were taken to address this problem. Firstly, only cases in which the PMI was <48 h and the tissue characteristics were in the range acceptable for postmortem analyses (brain pH >5.0 and RQI >5.0; Kingsbury et al. 1995; Fleige et al. 2006) were included in the primary analysis. Secondly, demographic and tissue characteristics were analyzed as COVs that did not affect the significance of the left-right differences. Thirdly, despite the susceptibility to undergo degradation through different mechanisms, dynorphin peptides and PDYN mRNA highly correlated, thus demonstrating that both types of analyses were relevant. Fourthly, the experimental design based on the pairwise comparison of the LH and RH from the same subjects diminished effects of both interindividual variations and demographic/tissue characteristics on statistical outcome. Fifthly, the analyses of the replication sample consisting of cases with long PMI and low RQI reproduced the findings obtained with the discovery sample. Overall, these data strongly suggest that, despite limitations, the EOS lateralization phenomenon is robust and characteristic for the population analyzed.
Our previous work identified an asymmetric distribution of opioid receptors and their endogenous ligands in the brain and spinal cord of naïve, stressed, or injured animals (Bakalkin et al. 1982 (Bakalkin et al. , 1986 Hussain et al. 2012 ). In the frontal cortex and striatum, injury to the RH affected Dyn A levels to a greater extent than that to the LH. The Dyn A-expressing neuronal networks differentially responding to the left and right brain injury may mediate effects of unilateral trauma on lateralized brain functions (Hussain et al. 2012 ). In the spinal cord, the lateralized opioid receptors may be a part of the hypothetical neurochemical mechanism that controls the processing of nociceptive stimuli and motor reflexes selectively on the left or right side (Bakalkin et al. 1982 (Bakalkin et al. , 1986 . The present study is the first that demonstrates the lateralization of the EOS in the human brain. This asymmetry may underlie the lateralization of higher brain functions including emotions and affective components of pain. It should be emphasized that the laterality for emotional valence is not absolute and may be region-specific, and that a physiological role of the endogenous opioid peptides LER and MEAP is not well established yet. Further verification and functional analysis of the lateralization of the EOS in the pgACC are necessary for understanding a role of the endogenous opioid peptides in the lateralized processing of positive and negative emotions and pain in the normal brain and in mood disorders. This could be accomplished through the use of selective μ-, δ-, and κ-opioid ligands in neuroimaging experiments, through the analysis of associations of genes regulating opioid peptide conversion with functional brain asymmetry, and via the functional analysis of enkephalins and dynorphins found as lateralized in the present study.
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